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Platelet-activating factor (PAF, l-O-alkyl-2-acetyl- 
sn-glycero-3-phosphocholine) is a biologically active 
phospholipid. Tissues, blood cells, and plasma contain 
PAF acetylhydrolases (calcium independent phospho- 
lipase A 2 activities) that catalyze the hydrolysis of 
phospholipids containing short chain sn-2 acyl groups. 
They inactivate PAF and thereby determine PAF ac- 
cumulation. 

We purified the PAF acetylhydrolase from human 
erythrocytes 15,600-fold. The enzyme has a molecular 
weight of 25,000, it Behaves as a dimer during gel 
filtration, and it is a previously uncharacterized cyto- 
solic esterase, as it has a unique amino- terminal se- 
quence. 

The erythrocyte PAF acetylhydrolase requires the 
addition of suifhydryl agents for maximal activity, is 
inhibited by 5,5'-dithiobis(2-nitrobenzoic acid), NaF, 
diisopropyl fluorophosphate, diethylpyrocarbonate, p- 
bromophenacylbromide, and a number of proteases. 
Antibodies against the purified protein precipitate all 
PAF hydrolase activity from erythrocyte lysates. 

The erythrocyte PAF acetylhydrolase is specific for 
short or oxidized sn-2 acyl residues. It exhibits surface 
dilution kinetics, suggesting that hydrolysis occurs at 
lipid interfaces. This suggests that this enzyme acts in 
vivo as a scavenger of oxidatively fragmented phos- 
pholipids that are toxic to the cell. 



Platelet-activating factor (PAF, 1 l-0-alkyl-2-acetyl-srt- 
glycero-3-phosphocholine) is a biologically active phospho- 
lipid that stimulates platelets, neutrophils, and other proin- 
flammatory cells. PAF mediates a wide spectrum of actions 
including hypotension, changes in smooth muscle tone, in- 
creased vascular permeability, and stimulation of glycogeno- 
sis (1). PAF is produced by many types of cells and tissues 
(2-5). It is thought to be an important signal in inflammation 
and allergy and in the nervous (6) and reproductive (7) 
systems. In addition, a family of phosphatidylcholines that 
are structurally related to PAF has been identified in the lipid 
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extracts of bovine brain (8-10). These compounds have di- 
verse sn-1 acyl residues and a series of short aliphatic dicar- 
boxylic (9) or monocarboxylic acid residues (8) at the sn-2 
position. Interestingly, they are toxic, induce hypotension, 
and mimic other actions of PAF, including platelet aggrega- 
tion. The formation of vasoactive choline phosphoglycerides 
may result from chemical oxidation and fragmentation of 
polyunsaturated fatty acyl residues. For example, we have 
shown that oxidative fragmentation of l-palmitoyl-2-arachi- 
donoyl-glycerophosphocholine generates diacylphosphatidyl- 
cholines with a spectrum of short to intermediate length sn- 
2 residues (11). These oxidatively fragmented phospholipids 
are metabolized by removal of the sn-2 acyl group, and this 
reaction is catalyzed by the plasma PAF acetylhydrolase (12). 
These compounds are biologically active (13) and, in addition, 
are hydrolyzed with catalytic efficiencies comparable to those 
observed with PAF as a substrate (12). Thus, the role of the 
plasma PAF acetylhydrolase is broader than previously 
thought since, in addition to PAF, this enzyme has the ability 
to catalyze the hydrolysis of oxidatively fragmented phospho- 
lipids. 

The synthesis of PAF has been examined in a variety of 
mammalian cells, and it is known to be tightly regulated (14). 
Its degradation is catalyzed by a specific acetylhydrolase, 
which removes the acetyl group of PAF to produce the biolog- 
ically inactive lyso-PAF (15, 16). This process can also regu- 
late PAF accumulation in certain cell types (17-20). PAF 
acetylhydrolase is present in mammalian tissues and blood 
(21), and changes in the level of activity in plasma have been 
observed in human diseases, suggesting that the rate of deg- 
radation of PAF also may be a mechanism to regulate its 
physiological effects (22-24). We purified the PAF acetylhy- 
drolase from human plasma to near homogeneity (25), showed 
that it is highly selective for a short acyl residue at the sn-2 
position, described its association with lipoproteins (26), and 
examined its role in the degradation of PAF in plasma (27). 

In addition to the extracellular plasma enzyme, intracellular 
PAF acetylhydrolase activity is present in many mammalian 
cells and tissues (21, 28). We and others have reported the 
occurrence of a family of PAF acetylhydrolases, both intra- 
and extracellular, that share similar properties, but that can 
be differentiated from one another by a variety of criteria (21 , 
29). None of the intracellular enzymes have been purified or 
characterized to date. The intracellular PAF acetylhydrolase 
regulates the accumulation of PAF under some circumstances: 
for example, in macrophages (17, 18) and platelets (19, 20) 
when synthesis is maximally stimulated, the amount of PAF 
that accumulates at any time is also determined by the activity 
of PAF acetylhydrolase. Our goal is to eventually define the 
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role that the intracellular PAF acetylhydrolases play in vivo, 
to determine whether they are related to each other, and to 
examine their structural and functional properties. We chose 
human erythrocytes as the starting material to purify an 
intracellular PAF acetylhydrolase because these cells can be 
isolated in large quantities and they have high levels of the 
enzymatic activity (30-32). In this paper, we report the puri- 
fication and characterization of the intracellular PAF acetyl- 
hydrolase activity from human erythrocytes, and we propose 
that its function is to protect erythrocytes from damage 
caused by lipid peroxidation. 

EXPERIMENTAL PROCEDURES 

Materials 

All phospholipid substrates were obtained from Avanti Polar Lip- 
ids. [ocetyMHJPAF (specific radioactivity = 10 mCi/pmol) and 1-0- 
[atfryf- a H]PAF (specific radioactivity = 10-30 mCi/nrool) were pur- 
chased from Du Pont-New England Nuclear. l.Palmitoyl-2-((l- t\ 
5-oxovaleroyl)-w-glycero-3-phosphocholine and l-[l- H C]palmitoyl- 
2-valeroyl-sn-glycero-3-phosphocholine were synthesized as previ- 
ously described (11, 12). DEAE-Sepharose CL-6B and Sephacryl S- 
300 were from Pharmacia LKB Biotechnology Inc. Octadecyl silica 
gel cartridges were from Baker Chemical Co. Affi-Gel 501 was from 
Bio-Rad. Protein A-Sepharose 6MB and other reagents were from 
Sigma. 

Enzyme Assays 

PAF acetylhydrolase activity was assayed as previously described 
(25), except that the assays were supplemented with dithiothreitol or 
dithioerythritol (0.2 mM final concentration in the assay). 2,3-Bis- 
phosphoglycerate mutase activity was determined using the spectro- 
photometric assay of Sasaki et al (33). 

Purification of the Human Erythrocyte PAF Acetylhydrolase 
Cell /sobtwn-Human erythrocytes were isolated from freshly 
drawn human blood (800 ml) from healthy volunteers. The blood was 
collected in EDTA (25 mM) and then centrifuged for 20 mm at 2,000 
X g The supernatant was discarded, and the blood cells were sus- 
pended in 3 volumes of 0.9% NaCl and centrifuged as above. The 
straw-colored supernatant was discarded, and the cells were washed 
twice more to remove contaminating plasma PAF acetylhydrolase. 
The buffy coat remaining on top of the red blood cells was discarded. 
In preliminary experiments, we found that the amount of PA* 
acetylhydrolase activity associated with the white blood cells was 
much smaller than that associated with the red blood cells. Thus, 
contamination with white blood cells (if any) would contribute little 
to the total erythrocyte activity. To the erythrocyte preparations 
added aprotinin (4.8 trypsin inhibitor units), NH<C1 (33.5 g), Dlfc 
(10 -3 moles), EDTA (4 X 1(T 3 mol), and water to a final volume ot 4 
liters. The preparation was stirred overnight at 4 'C to lyse the 
erythrocytes. All chromatography was carried out at^ 4 "C. 

Batch and Column DEAE-steps-k slurry of DEAE-Sepharose CL- 
6B (approximately 400 ml) in 5 mM sodium phosphate buffer (pH 
6.8) containing 1 mM EDTA and 250 M M DTE was added to the lysed 
erythrocyte preparation and was stirred at 4 *C for 6 h. ine slurry 
was packed in a column (5 X 90 cm), the effluent was collected, and 
the gel was washed with equilibrating buffer until virtually no protein 
eluted from the resin (1-1.5 liters of buffer). This step removed most 
of the hemoglobin, which is one of the major proteins in this prepa- 
ration. The PAF acetylhydrolase was eluted from the gel by treatment 
with four 250-m) washes of 0.3 M KC1 in equilibrating buffer. Most 
of the activity was present in the third wash, which was diluted to 
2,500 ml with 5 mM sodium phosphate buffer (pH 6.8) containing 1 
mM EDTA and 250 ^M DTE. The preparation was then loaded on a 
DEAE-Sepharose CL-6B column (2.5 x 60 cm) and equilibrated in 
the same dilution buffer, at a flow rate of 70 ml/h. The column was 
washed with 500 ml of equilibrating buffer at a flow rate of 95 ml/h. 
Next we applied a 500-ml linear gradient (0.1-0.4 M KC1 in buffer), 
followed by a 200-ml wash with 0.4 M KC1 in buffer, at a flow rate of 
35 ml/h. Fractions (6 ml) were collected and assayed for protein 
content and PAF acetylhydrolase activity. Active fractions were 
pooled and concentrated to 20 ml by ultrafiltration using a PM-10 
filter (Amicon Corp.). . 

Sephacryl S-300 Step-The pooled, concentrated fraction from the 



column DEAE-step was placed on a Sephacryl S-300 column (2.5 X 
90 cm) equilibrated in 10 mM sodium phosphate buffer (pH 6.8) 
containing 250 nM DTE and 1 mM EDTA, at a flow rate of 19 ml/h 
Fractions (5 ml) were collected and assayed for protein content and 
PAF acetylhydrolase activity. Active fractions were pooled and con- 
centrated to 17 ml using ultrafiltration as above. 

Native Polyacrylamide Gel Electrophoresis— To the concentrated 
S-300 effluent we added sucrose and bromphenol blue to final con- 
centrations of 10% and 0.0005%, respectively. The preparation was 
placed on two native polyacrylamide (7%) gels (3-rnm thickness) and 
subjected to electrophoresis at 40 mA until the dye reached the bottom 
of the gels. The gels then were sliced horizontally into 22 fragments, 
which were forced individually through a syringe and rocked overnight 
at 4 'C in 5 ml of 10 mM sodium phosphate buffer (pH 6.8) containing 
250 ftM DTE. The eluate from the slices was recovered by centnfu- 
gation and assayed for PAF acetylhydrolase activity and protein 
content. The active fractions were pooled and dialyzed overnight 
against 20 mM Tris-HCI buffer (pH 7.5). 

Mercurial Agarose Column— We next placed the dialyzed prepara- 
tion (23 ml) on a mercurial agarose column (0.9 x 15 cm) equilibrated 
in 20 mM Tris-HCI buffer (pH 7.5), at a flow rate of 13.3 ml/h. The 
column was washed with 50 ml of the equilibrating buffer. At this 
point the flow of buffer was reversed to minimize nonspecific binding 
of the enzyme to free resin, and then a 100-ml linear gradient of DTE 
(0-5 mM) was applied at the same flow rate. The active fractions (2 
ml each) were combined, and NaCl was added to a final concentration 
of 1.5 M. 

Phenyl-Sepharose Column—The preparation was next placed on a 
phenyl-Sepharose column (0.9 X 15 cm) equilibrated in 20 mM Tris- 
HCI (pH 7.5), containing 1.5 M NaCl and 1 mM DTE, at a flow rate 
of 13.5 ml/h. The column was washed with 45 ml of equilibrating 
buffer and then a 200-ml linear gradient of NaCl (1.5 M-0 M m 
buffer) was applied to the column at the same flow rate. Fractions 
(3.4 ml) were collected, and those containing PAF acetylhydrolase 
activity were pooled and concentrated using ultrafiltration, as above. 

Antibodies and Immitnoprecipitations 
Polyclonal antibodies against the erythrocyte PAF acetylhydrolase 
were raised in New Zealand White rabbits following the procedure of 
Vaitukaitis (34). The IgG fraction was isolated by treatment with 
caprylic acid, as described. Iromunoprecipitation assays were per- 
formed by incubating a source of the antigen with the TgG fraction of 
preimmune or immunized rabbits for 1 h at 37 'C, in a total volume 
of 50 ill Then, protein A-Sepharose 6MB (25 pA of a 50:50 suspension) 
was added, and the incubations were continued for an additional hour 
at 37 *C The supernatants of these incubations were carefully re- 
moved and assayed for PAF acetylhydrolase activity. The beads were 
washed three times with 1 ml of phosphate -buffered saline and then 
assayed for activity. 

Sequencing 

The two products of the purification of the erythrocyte PAF 
acetylhydrolase were sequenced by Dr. Robert Shackmann at the 
Protein-DNA Core Facility of the University of Utah. This was 
accomplished using a protein microsequencer (model 477A, Applied 
Biosystems), using Edmar. chemistry. The amino-terminal residue of 
the 31-kDa protein (see below) was blocked, and it was therefore 
necessary to fragment this protein product to obtain internal se- 
quence. To accomplish this, a sample (6.5 X 10"* nmo\) was treated 
with CNBr (7.5 nmo\) in 80& formic acid for 18 h at 25 C in the 
dark. The sample was dried under Nt and resuspended in 0 1 m 1 ns- 
HC1 buffer (pH 7.0). Before sequencing, the 25-kDa and the <-NOr- 
treated 31-kDa products were subjected to electrophoresis on 10% 
SDS-PAGE gels and then transferred to a polyvinyhdene difluonde 
membrane (Applied Biosystems). The proteins were visuahwd by 
staining with Coomassie Brilliant Blue, sliced, and submitted to 
microsequencing. 

Assay of PAF Synthesis 
Suspensions of washed erythrocytes were incubated in Hanks' 
balanced salt solution with 10 mM Ca 2+ , 100 M Ci of ['HJacetate (Du 
Pont-New England Nuclear, 50 mCi/jimoU and calcium lonopnore 
A23187 (10 aM), or buffer alone for 10 min, in a total volume of 1 ml 
The assay was stopped and the production of PAF was assessed as 
previously described (2). This assay is highly sensitive and will 
measure the synthesis of all acetylated phospholipids, regardless of 
the linkage at the position. Identical incubations were carried 



out in parallel using endothelial cells or neutrophils as positive 
controls. 



RESULTS 

Purification of the PAF Acetylhydrolase from Human Eryth- 
rocytes-Vfe first tested the location of the PAF acetylhydro- 
lase in lysates of erythrocytes. We found that 96% of the 
activity was in the soluble fraction, in agreement with another 
report (31). This fraction was used for subsequent purifica- 
tion. The elution profiles from DEAE-Sepharose CL-6B, 
Sephacryl S-300, native polyacrylamide gel electrophoresis, 
Affi-Gel 501, and phenyl-Sepharose are shown in Fig. 1. The 
summary of the purification is shown in Table I. The overall 



Purification of Erythrocyte PAF Acetylhydrolase 38 59 

purification was 15,600-fold, and the recovery was 7%. In 
recent studies, we have found that the recovery from the 
native polyacrylamide step can be improved to 100% recovery 
of activity by supplementation of the stacking and running 
gels and the running buffer with 250 mm dithiothreitol. We 
evaluated the product of our purification protocol by SDS- 
PAGE and detected two bands (molecular weights 25,000 and 
31,000) by silver staining (Fig. 2). When we examined the 
proteins at various stages of the preparation we found that 
the intensity of these bands increased as the preparation was 
enriched in activity. We identified the 31,000-Da band as 2,3- 
bisphosphoglyceromutase by sequence analysis (see below). 
Thus, the PAF acetylhydrolase activity is likely the 25,000- 
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Fig 1 Purification of human erythrocyte PAF acetylhydrolase. A, DEAE-Sepharose CL-6B The effluent from the bateh DEAE- 
step (10^ ml) was pUced on a DEAE-Sepharose CL-6B column, as described under "Experimental P^J^^ 
collected and assayed for PAF acetylhydrolase activity and protein content B, Sephacryl S-300 The ^f^^^^^J 1 ^^ 
Sepharose column was placed on a Sephacryl S-300 column that had an exclusion volume of 194 ml and a to al volume of 442 ml Fractions 
(6 ml) were collected and assayed for PAF acetylhydrolase activity and protein content. C, native polyacrylamide gel electrophoresis. The 
Sephacryl S-300 effluent was concentrated and placed on two native polyacrylamide gels. After electrophoresis, the gels were sliced, and the 
proteins were recovered from individual slices and then assayed for PAF acetylhydrolase activity and protein content, as above D, phenyl- 
Sepharose. The effluent from the native PAGE step was placed on a phenyl-Sepharose column, as described under Experimental Procedures. 
Fractions were collected and assayed for PAF acetylhydrolase activity. E t organomercurial agarose. The effluent from the phenyl-Sepharose 
step was placed on an organomercurial column, as described under "Experimental Procedures." Fractions were collected and assayed for PAF 
acetylhydrolase activity. 
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Fife. % 808-polyacryl amide gel electrophoresis of the pu- 
rified erythrocyte PAF acetylbydroJas©. Uin* l\ molecular 
weight m&rktns; lanes 2 and $ t purified product:. 

Da component. The purified enzyme is stable for at least 1 
year when stored in frozen form at pH 7,5 in the presence of 
a reducing agent The results of this puritvcmion scheme are 
representative of three independent runs. 

Characterization of ihe Substrate SpecifidCy of the Eryth- 
rocyte PA F A (v!ylhydro!axe~~6nt> remarkable feature of the 
plasma PAF acyi hydrolase is its marked selectivity for phos- 
pholipids with short acyt -chains ot the ark 2 position; activity 
falls to immeasurable levels with chains above 5 carbons in 
length tit). We asked whether the erythrocyte enzyme had 
the same specificity,. We examined the ability of the purified 
enzyme to catalyze the hydrolysis of l^tearoyl-2-pa!.mitoyl- 
ara-glycero-3- phosphocholine and found that this compound 
we* not hydro lyzed (not shown). . Next, we tested the effect of 
various PAP analogs for their ability to inhibit PAF hydrolysis 
(Table .11). Compounds containing short aeyl groups at the 
m-2 position inhibited PAF hydrolysis by the purified en- 
zyme. These results demonstrate that a short sn-2 acyl suh- 
siituent i» required for substrate ■recognition by the erythro- 
cyte. PAF acetylhydrolase. We examined the effect- of analogs 
of choline with successively fewer methyl groups and found 
that the derivative containing dimethylethanoiamine inhib- 
ited PAF hydrolysis to a larger extent than the moraimethyl 
analog. Thus, it appears that choline is preferred, 'but not 
required, in the" substrate, Finally, we found that the type of 
linkage at the m-\ position, est er or ether, did not affect the 
ability of the analogs to be recognized by the erythrocyte PAF 
acetyihydrolasei. Thus, the erythrocyte PAF acetylhydrolase 
has marked selectivity for short acyl chains at the m-2 posi- 
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tion.and prefers phosphocholine as the polar head group, a 
pattern like that of the plasma form of the enzyme (25). 

Oxidized Phospholipids Are Substrates for the Human 
Erythrocyte PA F Acetylhytirctase The finding that erythro- 
cytes contain a PAF acetyl hydrolase activity led us to ask if 
PAF was synthesized by these cells. We did not detect the 
synthesis of PAF by erythrocytes following treatment with 
calcium ionophore A23187 (data not shown). In parallel con- 
trol experiment^ this agonist did stimulate PAF production 
by neutrophils and endothelial cells. Since erythrocytes did 
not synthesize PAF, we considered the' possibility thai the 
role of the PAF acetyl hydrolase is to catalyze the degradation 
of PAF synthesized and accreted by other cells. To assess this, 
we added radiolabeled PAF to a suspension of washed eryth- 
rocytes and .measured the rate of degradation, as previously 
described with other cells and plasma (26b hi three independ- 
ent, experiments, we found essentially no degradation {<&% 
in 15 ruin at 2b *C) of PAF W* and J0" ? m) in the absence 
or presence of added serum alljumin £'50 mg/inl). Thus, there 
m Tio indication that the PAF acetylhydrolase in intact eryth- 
rocytes comes into contact with PAF, This suggests that 
erythrocytes: contribute to PAF degradation following lysia. 



perhaps at sites of inflammations, or that the erythrocyte 
acetylhydrolase has additional substrates. 

We found recently that phospholipids that contain an oxi- 
datively fragmented fatty acyl residue at the sn-2 position are 
subatrates for the PAF acetylhydrolase from plasma (12). The 
removal of these lipids, which may be toxic (8-10) or have 
biological activities similar to PAF (13), may be an important 
function for the plasma acetylhydrolase. We asked whether 
the PAF acetylhydrolase from erythrocytes also recognized 
oxidized phospholipids. We tested l-palmitoyl-2-([l- u C]5- 
oxovaleroyl)-sn-glycero-3-phosphocho]ine (12) as a substrate 
for the purified enzyme from erythrocytes. As with the plasma 
enzyme, this model oxidized phospholipid was hydrolyzed by 
the erythrocyte acetylhydrolase. The reaction was dependent 
on time and enzyme concentration. The addition of substrate 
at levels above 6 mm resulted in inhibition of hydrolysis, 
suggesting that the accumulation of products of the reaction 
inhibit the enzyme. Thus, it was not possible to quantitatively 
compare the rates of the reaction using saturating concentra- 
tions of PAF and the above oxidized phospholipid substrate. 
To circumvent this, we tested another oxidized phospholipid, 
1 - palmitoyl - 2 - glutaroyl -sn-glycero - 3 -phosphocholine and 
•found that it was hydrolyzed by the purified enzyme at a rate 
equivalent to 53% of that at which PAF was hydrolyzed. 
Thus, the substrate specificity of the erythrocyte PAF acetyl- 
hydrolase is similar to that of the human plasma PAF acetyl- 
hydrolase since both activities hydrolyze oxidatively frag- 
mented phospholipids as well as PAF. 

It was possible that our purified preparation contained two 
activities, the PAF acetylhydrolase and another that catalyzed 
the degradation of oxidized phospholipids. To determine 
whether the hydrolyses of PAF and oxidized phospholipids 
were catalyzed by the same activity, we tested the effect of 
compounds that inhibit the hydrolysis of PAF by erythrocyte 
acetylhydrolase on the hydrolysis of oxidized phospholipids. 
We found (Fig. 3) that both activities were stimulated by 
DTE and inhibited by 5,5'-dithiobis(2-nitrobenzoic acid), and 
NaF and to approximately the same extent. These results 
support the conclusion that the activity against different 
substrates is due to a single enzyme, the PAF acetylhydrolase. 

Kinetic Properties of the PAF Acetylhydrolase from Eryth- 
rocytes— The dependence of enzyme activity on substrate 
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concentration is shown in Fig. 4. The K m for PAF was deter- 
mined to be 12.5 tiM. Most phospholipases display surface 
dilution kinetics, a phenomenon that indicates that the en- 
zyme prefers substrates associated with structures over free 
monomers. Such enzymes recognize the abundance of a par- 
ticular, lipid on the surface of a micelle or membrane, rather 
than the absolute concentration in the assay (35). Under 
these conditions, adding detergent to the assay has opposing 
effects depending on the substrate concentration. At concen- 
trations of substrate below the critical micellar concentration 
(reported to be 2.5 nU for PAF, Ref. 16), the addition of 
Triton X- 1 00 should increase the rate of hydrolysis by forming 
mixed micelles of substrate and detergent. This was the result 
we obtained (Fig. 5) with the purified erythrocyte enzyme. In 
contrast, at PAF concentrations above the critical micellar 
concentration, the addition of Triton X-100 resulted in inhi- 
bition, presumably by decreasing the abundance ("diluting") 
of the substrate on the surface of a given micelle. These 
results suggest that the enzyme prefers micellar, as opposed 
to monomelic, substrates. This hypothesis was confirmed in 
an experiment in which the concentration of Triton X-100 
alone or Triton X-100 and PAF were increased proportion- 
ately. In the first case, the substrate concentration at the 
surface of the micelles was diluted by increasing the number 
of micelles among which the fixed amount of substrate was 
randomly distributed. This resulted in inhibition (Fig. 6A). 
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Fig. 4. Kinetics of the human erythrocyte PAF acetylhy- 
drolase. A purifed preparation of the human erythrocyte PAF ace- 
tylhydrolase (10 nl) containing 0.05 unit/ml of activity in 0.1 M K- 
Hepes buffer (pH 7.2), was mixed with [acety/- 5 H]PAF (0-80 mm) in 
a total volume of 50 pi. Incubations were performed at 37 *C for 15 
min. The product of the reaction was separated from starting sub- 
strate, as described (25). 
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Fic. 3. The activities that hydrolyze PAF and 1-palmitoyl- 
2[5-oxovaleroyllglycerophosphocholine in human erythro- 
cytes are affected by the same compounds. A human erythrocyte 
lysate (1 /tl of a preparation containing 0.5 unit/ml of PAF acetyl- 
hydrolase activity) was incubated in 0.1 M K-Hepes buffer (pH 7.2) 
with substrate (62.5 ^m) and DTE (19 min), NaF (19 mM), or 5,5'- 
dithiobis(2-nitrobenzoic acid) (1.9 mM), in a total volume of 40 fil, 
for 30 min at 37 *C. The products of the reaction were separated from 
starting aubstrate, as described (25). Results are representative of at 
least two independent experiments. GPC, glycerophosphocholine. ' 
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Fig. 5. Effect of Triton X-100 on catalytic activity at PAF 
concentrations below (2 jiM) and above (4 jxM) the critical 
micellar concentration of PAF. A purified preparation of the 
human erythrocyte PAF acetylhydrola3e (10 n\) containing 0.05 unit/ 
ml of activity was mixed with [acety(- s H]PAF (2 or 4 fiM) and Triton 
X-100 (0-100 fiM), in a total volume of 50 pi Incubations were 
continued as described (25). 
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Fia ; Separation of 25-JfcI)a and 31-kDa protein compo- 
nent* hv SOS-PAOK. 1am ./. molecular weight carter?; <W* 

contained bovine «rum albumin «U f 0,3, 0,3, 0.4, i>.&, ft^, O.h 
»«r) used as a cntibrfttitm standard ui determine the amount of preicm 
rtetettwf by silver tteiniotr. tamt M 3:5 ;<g of 3)-kDa protein compo- 
nent; &mr /*; u# of 25-kDa protein component: 
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Fw. 6. A effect of increasing Trd»;i X-J.OO at. constant PAF 
concentration*. A purified preparation of the himmn *rymrocyu> PA* 
acetYlhvdrotosfi nn *H foirtninhifi 0. 42urnVml of active was mixed 
with fo^-^HlPAF <SM M M) and Triton XVlOO (USO-SOO ^M), in a 
total volume of 50 ut Incubations were continued a* de^ibed tjioi. 
a effect of incMariiK Triton X- iOO and PAF ata ixmstant raiw. A 
purine preparation of the inmwm erythrocyte PA* amylhyaxotose 
( 10 «i) com nining 0.43 unit/ml of activity whs mixed with lace;y 'H j 
PAF (£4»40 mm) and Triton X-lOQ. 080-300 i« i total volume 
of 50 jal. Incubation were continued as described (£>i. 

In the second part or the experiment, both substrate and free 
micelles were increased proportionately, $o that the substrate 
abundance at the mieeliar surface remained constant, f his 
resulted in -nu effect on the eaSsymafcic activity even thougU 
the absolute concent ration of PAF was increased over non- 
saturating concentrations (Fig. &B). From these results we 
concluded thai the erythrocyte PAF acetyihydrolase, even 
though it h (X soluble enwme, exhibits surface dilution krnet- 

J 7;/iarncteri7nfj<?n 6/ i/u? Proteins in the Purified Prep- 
aratinn -We separated the proteins by objecting the prepa- 
ration to SDS-PAGK and then recovered the individual com- 
pemfms by slicing the gel and incubating' vrie slices with 
buffer. The separated proteins after recovery from the gel are 
*hovft in Fig. 7 (tone* JfO and /./). Polyclonal antikjdies 
a^3inst each" of the two proteins were generated in New 
Zealand White rabbits;, as desert W under "Bxpyri mental 
Procedures;- The antibodies .recognized primarily the antigen 
that was ut*ed to elicit its generation (Fig. 8}> However, there 
was some emss-reactivity of the anti-25-kDa antibody wu:h 
the 31-kDa protein and of the an'ti-»l-kDa antibody with the 
25-kDa: protein, sutjgestin^ : either that the separation of the 
two proteins had not been complete or that they were related, 
perhaps as: a precursor and product of proteolysis. The anfc- 
bodifce then were tested for their ability Ut precipitate PAF 
acetyihydroiase activity. We found (Fig. 9) that the antibody 
raised against the 25*fcDa protein immtmoprecipitated PAh 
acetvlhy"drola&e activity from a partially purified preparation 
of the enzyme, sugge«4«ng that the 25-'kE)fl. protein is the 
errzvrm*. This also suited that the 31 M)a eomponent was 
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^ mclecukr weight marker-.; UtM* 2 and 4„ -i.r> i«g of t tvo ^p- 
kDa protein; 3 and & :J.5 ^ or the 91-kDa protem. » ^vfts 
pitied viih Amido Rl»ck; Ernies 2 ami 3 were piuhed wrt^ ihv raboit 
antibody raided agairt^t the 25-kDa.protem and developed w»t.h-a s k»- 
lire phosphftias^laheled antir rabbit IgCS; ^/ ««d » wre probed 
with the wbbit antibodv mi»ed t*«oin»t tht 3i-kl)a pwtem und 
developed with alkaline phosphatase- labeled ami-rabbtt igG. 

not the mzymt and that it was not related to the 2. r ,.-kDa 
component through a proteolytic event. 

We separated t he two proteins by SDS-PAGE, eiuteo them 
from the sel as above, and aequcnoed thoin. We touwd that 
the' arairto-tenninfll. residue of the hand at 31=000 Da wa?. 
blocked. We therefore treated it with CNBr, performed SDS- 
PAGE again, transferred the -reaction mixture to a polyvinyl- 
idene diriuoride membrane, and carried out. microsecjuencmg, 
as described uiider "Espertmehtal Procedures." The sequence 
of the U amino-termittal residues of the most abundfint 
fragment obtained was: (M)Ai;NHGEEQVRI,. A search using 
a protein sequence data bank indicated that this sequence was 
a perfect match wit h the human 2^-biephosph«.>glywr8teMnu- 
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Fig. 9. Immunoprecipitation of PAF acetylhydrolase activ- 
ity by the antibody raised against the 25-kDa protein com- 
ponent. The effluent from the native polyacrylamide gel electropho- 
resis step (100 n\) was preincubated for 16 h at 4 'C with preimmune 
rabbit IgG or with the antibody raised against the 25-kDa proton, m 
a total volume of 500 pL The mixtures were treated with 100 ^1 of a 
50:50 suspension of protein A-Sepharose in phosphate-buffered saline 
to bind the immune complexes. The beads were then washed and 
subjected to native polyacrylamide gel electrophoresis. Each lane was 
sliced and assayed for PAF acetylhydrolase activity. 

tase (EC 5,4.2.4), which is present in high amounts in eryth- 
rocytes. The substrate specificity of the purified PAF acetyl- 
hydrolase indicated that it was unlikely that 2 t 3-bisphosphog- 
lycerate mutase and the PAF acetylhydrolase were two 
activities of a single enzyme. However, this was tested using 
our purified preparation (containing both the 25- and 3l-kDa 
proteins) in the following manner. First, we performed a 
temperature inactivation experiment and found that PAF 
acetylhydrolase was more susceptible than the glyceromutase 
activity (Fig. 10). Second, we tested the effect of NaF (5 and 
50 mM) on each activity since we had shown (Fig. 3) that it 
inhibited the acetylhydrolase activity. In this experiment, the 
two concentrations of NaF inhibited PAF acetylhydrolase 
activity by 24 and 64%, respectively. In contrast, the glycer- 
omutase activity in the preparation was resistant to the treat- 
ment (99% and 90% of control activity remaining, respec- 
tively). Third, we showed that 2,3-diphosphoglycerate (2 mM 
and 20 mM) inhibited glyceromutase activity (10 and 63%, 
respectively), but found no effect on PAF acetylhydrolase 
activity (101 and 105% of control activity remaining, respec- 
tively). Finally, NaHSO ; , inhibited PAF acetylhydrolase activ- 
ity at 5 and 50 mM (31 and 85%, respectively), while the 
glyceromutase was more resistant to this treatment (107 and 
62% of control activity remaining). Thus, we concluded that 
the protein migrating with an apparent molecular weight of 
31,000 was 2,3-bisphosphoglycerate mutase, and that it did 
not have PAF acetylhydrolase activity. 

We next sequenced the 25,000-Da component and found 
that the sequence of the 10 amino -terminal residues was: 
(M)KPLVVFVLGG. There were no perfect matches of this 
stretch of amino acids with sequences present in the data 
bank. HoweveT, this sequence has identity (82%) with a 
stretch of amino acids present in cytidylate kinase (EC 
2.7.4.14) and adenylate kinase (EC 2.7.4.3, 45% identity). We 
conclude that this protein is pure and that this sequence likely 
represents the amino terminus of the PAF acetylhydrolase 
from human erythrocytes. 

The Erythrocyte PAF Acetylhydrolase Is Not a Previously 
Described Enzyme—Several lines of evidence indicated that 
the PAF acetylhydrolase in erythrocytes is a novel, un char- 
acterized activity. However, we examined the possibility that 
it was due to contaminating plasma PAF acetylhydrolase. We 
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Fig. 10. Temperature inactivation of PAF acetylhydrolase 
activity (A) and bisphosphoglycerate mutase activity (B) in a 
partially purified preparation. A purified preparation of human 
erythrocyte PAF acetylhydrolase (50 fi\ of a preparation containing 
0.11 unit of activity per ml) was incubated at the temperatures 
indicated for 0-60 min. Then, 20-^1 aliquots were removed and 
assayed for PAF acetylhydrolase and bisphosphoglycerate mutase 
activities. 

found that the plasma and erythrocyte activities, while shar- 
ing the same substrate specificity, could be distinguished by 
several criteria. The erythrocyte activity was inhibited by 
sodium fluoride, p-bromophenacyl bromide, and diethylpyro- 
carbonate, and it was highly sensitive to proteolysis. In con- 
trast, the plasma activity was unaffected by these treatments 
(21, 30). Further, we found that the erythrocyte PAF acetyl - 
hydrolase was stimulated by dithiothreitol, dithioerythritol, 
and glutathione and was inhibited by 5,5'-dithiobis-(2-nitro- 
benzoic acid) and iodoacetate. None of these agents affect the 
human plasma PAF acetylhydrolase (30). From these results, 
we concluded that the erythrocyte, but not the plasma, form 
of PAF acetylhydrolase contains an essential sulfhydryl 
moiety. Finally, the serine esterase inhibitors diisopropyl fluo- 
rophosphaie (30) and p-nitroguanidinobenzoate (data not 
shown) inhibited PAF hydrolysis by the plasma enzyme to a 
much lesser extent than the erythrocyte activity. Thus, the 
PAF acetylhydrolase activity found in erythrocytes was 
clearly not due to contaminating plasma. 

We next considered that erythrocyte acetylcholinesterase 
might catalyze PAF hydrolysis. We examined the effect of 
acetylcholine on PAF hydrolysis, using a partially purified 
preparation of the erythrocyte PAF acetylhydrolase. Acetyl- 
choline did not inhibit PAF hydrolysis at the concentrations 
tested (40 /iM-1 mM), even though there was a marked molar 
excess of inhibitor in relation to substrate. Esterase D was 
excluded as the catalyst for PAF hydrolysis by an analogous 
experiment: we added 4-methylumbelliferyl acetate, a com- 
pound used as the substrate to purify esterase D, to assays 
and found that it did not inhibit PAF hydrolysis at three 
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different concentrations of PAP and at large excesses com- 
pared to substrate. A third candidate was the phospholipase 
A described in human erythrocytes by Paysant et at. (36), 
which utilizes phosphatidylcholines and phosphatidyletha- 
nolamines as substrates and requires pretreatment with tryp- 
sin for maximal activity. In contrast, trypsin inhibited the 
erythrocyte PAF acetylhydrolase, which does not utilize phos- 
phatidylcholine as substrate (30). The addition of calcium, an 
obligatory cofactor for activity of most phospholipases A 2 , is 
not necessary for PAF hydrolysis by the erythrocyte activity, 
and the divalent metal chelator EDTA does not significantly 
inhibit PAF hydrolysis (30). Finally, we considered the pos- 
sibility that the activity was a nonspecific one that was 
capable of removing an acetyl group from aliphatic esters. 
Therefore, we supplemented standard assays with N-acetyl- 
lysine and with tributyrin. These agents did not inhibit PAF 
hydrolysis, suggesting that a phosphatidylglycerol backbone 
is a requirement for substrate recognition. From these results, 
we concluded that the PAF acetylhydrolase activity measured 
in human erythrocytes is a novel phospholipase, perhaps 
related to the plasma enzyme. 

DISCUSSION 

We have purified the erythrocyte PAF acetylhydrolase 
15,600-fold. The product of this purification protocol has a 
specific activity of 48.3 /xmol/h/mg of protein, and initially 
we recovered 7% of the activity present in erythrocyte lysates. 
The biggest loss of activity occurred during native polyacryl- 
amide gel electrophoresis. We subsequently found that the 
recovery during this step can be significantly improved if 
electrophoresis is performed in the presence of a reducing 
agent. The product of the purification contains two main 
protein bands of apparent molecular weights 31,000 and 
25,000. 

Several lines of evidence suggest that the 25-kDa protein is 
the PAF acetylhydrolase. First, we sequenced the 31-kDa 
protein and found that it was an identical match with the 
human erythrocyte bisphosphoglycerate mutase. This enzyme 
did not account for the PAF acetylhydrolase activity in our 
preparation, since the two activities had different temperature 
stabilities and were inhibited by different agents. Second, the 
intensity of staining of the 25-kDa protein component corre- 
lates with activity during purification. Third, an antibody 
raised against the 25-kDa protein component precipitates 
PAF acetylhydrolase activity. 

The human erythrocyte PAF acetylhydrolase is calcium 
independent and has a substrate specificity similar to that of 
the human plasma PAF acetylhydrolase. It recognizes phos- 
phoglycerides with alkyl and sn-\ acyl groups with the 
same affinity. Likewise, the type of sn-3 head group does not 
markedly affect the ability of a substrate to be recognized by 
the enzyme. However, the erythrocyte PAF acetylhydrolase 
has an absolute requirement for a short acyl chain at the sn- 
2 position. Like the human plasma activity, the erythrocyte 
PAF acetylhydrolase can also hydrolyze phospholipids that 
contain short sn-2 acyl residues generated by oxidative frag- 
mentation of polyunsaturated residues. This may be an im- 
portant role for the enzyme since we found that human 
erythrocytes do not synthesize PAF nor do they efficiently 
degrade exogenous PAF. However, they are likely to generate 
a myriad of oxidized phospholipids during their life span, due 
to the oxidant stress to which they are subjected. The perox- 
idation of lipids is enhanced in the presence of hemoglobin 
and high oxygen tensions, a combination frequently encoun- 
tered by erythrocytes. The observation that the enzyme ex- 
hibits surface dilution kinetics is consistent with the hypoth- 



esis that oxidatively fragmented phospholipids are substrates 
of the erythrocyte PAF acetylhydrolase in vivo. This obser- 
vation indicates that hydrolysis occurs preferentially at the 
membrane interface, which is the primary site for the gener- 
ation of oxidized phospholipids. Interestingly, Yoshida et al 
(31) reported that 0.2% of the total erythrocyte PAF acetyl- 
hydrolase activity is membrane-bound, suggesting that the 
enzyme may associate with the membrane to hydrolyze phos- 
pholipid substrates, while the bulk of activity remains in the 
cytosol. 

The erythrocyte PAF acetylhydrolase is sensitive to oxida- 
tion. First, the enzyme requires the addition of reducing 
agents for maximal activity. Second, the activity is inhibited 
by heavy metals such as lead, cadmium, and copper (21). 
These results suggest that the enzyme has a sulfhydryl 
group (s) essential for activity. The fact that this enzyme is 
likely involved in the removal of products of lipid peroxidation 
reactions and is itself sensitive to oxidation suggests that the 
balance between enzyme activity and oxidative state of the 
cell may contribute to define cell homeostasis and viability. 

The possibility that other previously characterized eryth- 
rocyte activities could account for PAF hydrolysis was consid- 
ered. A variety of esterases {acetylcholinesterase, tributyrin 
esterase, nonspecific esterase, esterase D, and others) were 
ruled out as candidates that could account for the PAF ace- 
tylhydrolase activity. Likewise, the 2,3-bisphosphoglycerate 
mutase activity present in our preparation did not account 
for the PAF acetylhydrolase activity. 

In summary, we have purified and characterized the PAF 
acetylhydrolase from human erythrocytes. The function of 
this activity in vivo is likely to be the hydrolysis of the 
phospholipid products of oxidative fragmentation of mem- 
brane phospholipids. This hydrolysis step serves at least three 
purposes. First, it allows subsequent restoration of membrane 
integrity by reacylation of the lyso derivatives with long chain 
fatty acyl groups. Second, it hinders further oxidative reac- 
tions by scavenging active phospholipid species that may 
themselves enhance lipid peroxidation. Finally, it degrades 
oxidatively fragmented phospholipids which, when produced 
in large amounts, can be toxic or have various pathological 
actions. In fact, work by Kobayashi et al (37) and by Inoue 
et al. (38) suggests that cytotoxic phospholipids are generated 
during peroxidation catalyzed by oxyhemoglobin and that this 
process induces the damage of erythrocyte membranes. 

In addition to its role as a scavenger of oxidatively frag- 
mented phospholipids, the acetylhydrolase may participate in 
PAF metabolism under some circumstances. For example, 
hemolysis is common in inflammatory conditions, particularly 
those in which PAF has been implicated as a mediator, and 
lysis of the erythrocyte could help turn off the inflammatory 
signal by speeding the hydrolysis of PAF. In fact, van Asbeck 
et al. (39) showed that erythrocytes limited inflammation in 
a model of lung injury (39). They attributed the effect to 
scavenging of oxygen radicals but did not test whether hy- 
drolysis of PAF or oxidized phospholipids was a feature of the 
response. 
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